Anecdotal evidence suggests that birds have smaller intestines than mammals. In the present analysis, we show that small birds and bats have significantly shorter small intestines and less small intestine nominal (smooth bore tube) surface area than similarly sized nonflying mammals. The corresponding >50% reduction in intestinal volume and hence mass of digesta carried is advantageous because the energetic costs of flight increase with load carried. But, a central dilemma is how birds and bats satisfy relatively high energy needs with less absorptive surface area. Here, we further show that an enhanced paracellular pathway for intestinal absorption of water-soluble nutrients such as glucose and amino acids may compensate for reduced small intestines in volant vertebrates. The evidence is that L-rhamnose and other similarly sized, metabolically inert, nonactively transported monosaccharides are absorbed significantly more in small birds and bats than in nonflying mammals. To broaden our comparison and test the veracity of our finding we surveyed the literature for other similar studies of paracellular absorption. The patterns found in our focal species held up when we included other species surveyed in our analysis. Significantly greater amplification of digestive surface area by villi in small birds, also uncovered by our analysis, may provide one mechanistic explanation for the observation of higher paracellular absorption relative to nonflying mammals. It appears that reduced intestinal size and relatively enhanced intestinal paracellular absorption can be added to the suite of adaptations that have evolved in actively flying vertebrates.
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digestion ͉ gut morphometrics ͉ nutrient absorption ͉ paracellular uptake B irds have structural, physiological, and biochemical refinements that adapt them for flight (1) , but basic differences in digestive processing between flying and nonflying vertebrates have never been described to our knowledge. The phrase ''eating like a bird'' wrongly suggests that birds have relatively small appetites, whereas in fact the typical wild bird eats about one-third more dry matter each day than does the typical nonflying mammal (2) . Flight, a very energetically demanding activity, contributes to high daily energy demands, but its structural prescription for low weight also may shape an aspect of fliers' digestive apparatus in a way that runs counter to that system's role in providing fuel to meet high energy demands.
There is anecdotal evidence that birds have relatively shorter intestines than mammals (3) , and shorter intestines are associated with less surface area and volume, parameters directly correlated with digestive capacity. Indeed, in both birds and mammals, digestive adjustments to higher feeding rates almost always include an increase in gut size and thus an increase in digestive enzymes and nutrient transporters (4) . For birds that fly, however, the size of the digestive tract and consequently the mass of digesta it carries may need to be minimized because the cost of flight increases with load carried, and take-off and maneuverability can be impaired at heavier masses (5-7). Individual flying vertebrates do appear to reduce the mass of digestive organs during times when capacity is not needed (e.g., during long migratory flights), suggesting that minimizing gut size might have adaptive value for increasing flight performance by reducing weight and/or the energy cost of maintaining tissue (8) (9) (10) (11) (12) (13) .
To test rigorously for differences in gut morphometrics, we surveyed the literature for measures of intestine length and nominal surface area (the area of an equivalent smooth bore tube) in birds, bats, and eutherian nonflying mammals. We excluded foregut fermenters, in which many substrates are fermented by microbial symbionts proximal to the small intestine and the energy-bearing products are absorbed across the foregut epithelium. In contrast, the avian and eutherian species we compared rely mainly on their small intestines for absorption of the majority of energy-bearing compounds. We excluded marsupial endotherms because we did not have measures of intestinal absorption in any species in this taxon. We focused on omnivorous species (a species was considered such if it was noted to consume both arthropods and a plant part) to control for likely effects of diet on gut morphometrics (14, 15) .
A central dilemma that emerges in this consideration of birds and bats vs. nonflying mammals is how the former satisfy relatively high energy needs if they indeed possess relatively smaller intestines. Water-soluble compounds, such as glucose and amino acids, are absorbed in the small intestine mainly by two pathways, the transcellular and paracellular pathways. The transcellular absorption of sugars and amino acids is mediated primarily by membrane-bound transporter proteins that take them up from the gut lumen into the enterocyte across the apical membrane and hasten their exit from enterocyte to blood across the basolateral membrane. There do not appear to be fundamental differences between birds and mammals in the nutrient transporters of the intestinal brush border or significant differences in mediated uptake rate of D-glucose or amino acids per unit nominal area (16) . Paracellular absorption involves movement of solutes through the tight junctions adjoining cells by diffusion or by the process of solvent drag (17) . In both mammalian and avian species, the paracellular route of absorption of water-soluble compounds has been visualized by either autoradiography (18) or confocal laser microscopy (19) , its molecular size selectivity has been characterized by using a series of nonelectrolyte water-soluble probes that differ in molecular dimension (20, 21) , and its charge selectivity has been characterized by using relatively inert charged peptides (22, 23) . In this study, which is focused on patterns across species, we tested the hypothesis that paracellular absorption (measured as fractional absorption, or bioavailability, of metabolically inert watersoluble probes not transported by mediated mechanisms) is elevated in birds, relative to nonflying mammals, and thus may serve as compensation for smaller intestines.
Results and Discussion
Analysis of our gut morphometrics dataset [see supporting information (SI) Table 2] confirmed that birds have significantly shorter small intestine lengths than nonflying mammals, although the difference diminishes as body size increases (Fig. 1A) . Birds also have significantly lower, by 36%, small intestine nominal surface area (Fig. 1B) . Surface area is important because it determines the area over which nutrients can be digested and absorbed. Small intestine volume, a direct function of tube length and area, and consequently the potential mass of digesta carried, is thus relatively smaller in birds, by Ϸ57% (24). Our finding of lower small intestine area in birds is actually an underestimate of the difference from mammals in absorptive area for fueling metabolic demands. Commonly in mammals, but rarely in small birds, there is additional surface area in the cecum or colon where products from microbial fermentation, such as short-chain fatty acids, may be absorbed and account for up to a third of the host's energetic demand (16) . Differences in total intestinal nominal surface area among birds and nonflying mammals are not likely to be counterbalanced by greater digestive surface amplification by villi in birds, at least in the case of mediated nutrient uptake. Measurements of the latter standardized per nominal surface area inherently take differences in surface amplification into account and do not differ significantly among birds and mammals (16) , suggesting that total capacity for mediated uptake is indeed lower in birds.
These patterns held up in a broader analysis of Ͼ200 species of mammals and birds in which both different diets (species were classified as omnivore, carnivore, herbivore, nectarivore, or frugivore) and phylogeny (25) were taken into account (24) . This analysis confirmed that small birds have significantly shorter small intestines, and avian species generally have less small intestine nominal surface area and volume than nonflying mammals. Small intestine wet mass, however, is not significantly different between taxa. Our analysis also showed that birds have significantly greater villous amplification of small intestine surface area than mammals (Ϸ25% more amplification, F 1,16 ϭ 7.12, P ϭ 0.0096), with no effect of body size. As mentioned above, greater villous surface amplification is not likely to counterbalance differences in intestine size (nominal surface area and length) in the case of mediated nutrient uptake, but it may provide one mechanistic explanation for the observation of higher paracellular absorption in birds.
In our focal species (Table 1) , absorption of water-soluble compounds by the paracellular pathway (specifically, fractional absorption or bioavailability of the metabolically inert, nontransported monosaccharide L-rhamnose) differed significantly between the avian species and the nonflying mammals, but the difference depended on body mass ( Fig. 2A) . We included body mass as a covariate in analysis of covariance (ANCOVA), because Pappenheimer (26) suggested that paracellular absorption might become increasingly important at larger body sizes, at least in mammals. However, in our focal species there was no evidence for such a positive scaling, and in fact paracellular absorption was negatively related to body size. The analysis indicated that fractional absorption is greatest in small-sized birds. The pattern is consistent with the hypothesis that paracellular absorption is elevated in birds, relative to nonflying mammals, as compensation for smaller intestines. The differential between birds and nonflying mammals in both intestinal If there has indeed been natural selection for smaller intestinal size in flying endotherms, and increased paracellular absorption as a compensation, then we might expect to find the same patterns in a comparison within mammals between flyers and nonfliers. Within mammals flight evolved once in the order Chiroptera, which is composed of two major suborders: the The 10 focal species of birds and nonflying mammals measured during this study are indicated by * . (Table 1) of fractional absorption of L-rhamnose or similarly sized water-soluble carbohydrate probes, L-glucose (MM ϭ 180) and mannitol (MM ϭ 182). Each point represents the fractional absorption of a probe by a species. In five of the 29 cases, the value shown is the mean of more than one study. In the comparison of birds, bats, and nonflying mammals by ANCOVA, fractional absorption differed significantly according to taxa (F2,23 ϭ 11.9), although the difference diminished with increasing size (interaction F2,23 ϭ 5.46). None of the nonflying mammals exhibited fractional absorption of these carbohydrates as high as that in small birds or bats.
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Microchiroptera and Megachiroptera (27) . Several biologists noted that bats tend to have less intestinal tissue than comparably sized nonflying mammals (28, 29) , a pattern confirmed with our dataset. Bats had significantly shorter intestines (data not shown) and less small intestinal nominal surface area than nonflying mammals, although the difference diminished as body size increased (Fig. 1C) . We measured fractional absorption of L-rhamnose in Egyptian fruit bats (Rousettus aegyptiacus; Megachiroptera) and in the great fruit-eating bat (Artibeus lituratus, Microchiroptera) with our standard pharmacokinetic protocol. The mean fractional absorption values for both bat species were as high, or higher, than the values of the avian species, and above those for nonflying mammals (Fig. 2 A) , indicating relatively higher paracellular absorption. To broaden our comparison and test the veracity of our finding we surveyed the literature for other studies of fractional absorption of water-soluble carbohydrates (Table 1 ). Our broader survey includes studies that used similar methodology to ours (either serial blood or urine sampling postinjection and/or postoral administration) to measure fractional absorption of L-rhamnose or the similarly sized water-soluble carbohydrate probes L-glucose [molecular mass (MM) ϭ 180] and mannitol (MM ϭ 182), which are also metabolically inert and lack affinity for mediated transport mechanisms. Fractional absorptions were similar within a species when measured with two or more different compounds. Although paracellular absorption should decline with increasing MM, because of sieving at the tight junction (21, 30) , there was no significant difference in the adjusted least-square mean fractional absorption (arcsine square root transformed) according to MM over this small range for either nonflying mammals (F 1,12 ϭ 1.07, P Ͼ 0.3) or birds (F 1,7 ϭ 1.18, P Ͼ 0.3). Fractional absorptions were similar within a species when measured with two or more different compounds (Table 1) . For three species (guinea pigs, laboratory rats, and humans) of a total of 23 species, we calculated a single species mean value for fractional absorption of L-rhamnose and/or mannitol because there were data available from several studies. In the comparison of taxa we did not distinguish between measurements of fractional absorption that were made in the presence of luminal nutrients vs. their absence (i.e., in fasted animals). Although permeability of the paracellular pathway is increased when Na ϩ -coupled glucose and amino acid transport occurs (17, 31, 32) , the increase in fractional absorption in rats and house sparrows (ϩ0.06 Ϯ 0.03, n ϭ 4 studies with Lrhamnose, L-glucose, and mannitol; refs. 21, 33, and 34) was small relative to the large difference in fractional absorption between birds and nonflying mammals. The patterns in fractional absorption in our focal species held up when we included other species surveyed (Fig. 2B) . None of the nonflying mammals exhibit fractional absorption of these carbohydrates as high as occurs in small birds or bats. High paracellular absorption in small birds from seven different avian families with varied diets (omnivores, nectarivores, and granivores) suggests that it is an important pathway of absorption of water-soluble compounds in small avian species generally, rather than being associated with a specific diet type. Thus, the data from uniform methods on our focal species and the data from less uniform methods in the broader species survey are consistent with the hypothesis that paracellular absorption is elevated in flying birds and mammals, relative to nonflying mammals, as compensation for smaller intestines.
It appears that reduced intestinal size and elevated intestinal paracellular absorption can be added to the suite of adaptations (1) that have evolved in actively flying vertebrates. Our demonstration of a difference in digestive physiology between flyers and nonfliers begs many questions in physiology and ecology.
The differences in paracellular absorption between fliers and nonfliers do not extend to absorption generally. For example, whereas the nonflying mammals had relatively low fractional absorption of L-rhamnose, their absorption (measured by our standard protocol) of 3-O-methyl-D-glucose, a nonmetabolizable analogue of D-glucose that is actively as well as passively absorbed, was universally high (0.76 Ϯ 0.06, n ϭ 5 species) and not significantly different from that of flying species (0.90 Ϯ 0.04, n ϭ 4, 2 bird and 2 bat species, t 7 ϭ 2.02, P Ͼ 0.08). Paracellular absorption can account for the majority of glucose absorption in at least two avian species (35, 36) and at least two bat species (37, 38) according to our comparison of simultaneous apparent rates of absorption of paracellular probes (such as L-rhamnose or L-glucose) and 3-O-methyl-D-glucose or D-glucose. In accordance with August Krogh's dictum (83) , the study of the cellular and subcellular details of paracellular absorption might be advanced by study of such species with relatively high paracellular absorption.
The difference in paracellular absorption between fliers and nonfliers is not simply explained by mediated absorption in birds of the carbohydrate probes that are presumed to be absorbed passively or by longer retention of digesta in fliers than in nonf liers. In studies using radiolabeled L-glucose and Lrhamnose, we have failed to find evidence that their uptake by intestine in vitro is inhibited by high concentrations (50-100 mM) of unlabeled L-glucose, L-rhamnose, or D-glucose (24, 33, 39) . Nor is the difference in paracellular absorption between fliers and nonfliers explained by longer retention of digesta in the gut of the former relative to the latter. Avian species typically have shorter mean retention time of digesta than do similarly sized nonflying mammalian species (24) , and a shorter retention time probably occurs in bats relative to nonflying mammals (28) . Because small vertebrate flyers typically achieve higher paracellular absorption with less intestinal length and surface area than do similarly sized nonflying mammals, there apparently are differences in intestinal permeability per unit intestinal tissue. We have confirmed this elsewhere in a comparison of pigeons and laboratory rats (39) . Under similar recirculating duodenal perfusion conditions, we found that anesthetized rats and pigeons absorbed D-glucose at a comparable rate, but that pigeons had significantly greater (Ͼ2ϫ higher) absorption of inert carbohydrate probes (24, 34) .
The mechanisms responsible for relatively higher paracellular absorption in some species are unknown, but could include the following: (i) Greater villous area per unit intestinal nominal surface area might be associated with more cell junctions across which paracellular transport occurs, if villous area is increased mainly by increase in number of similar-sized enterocytes. Barry (40) and Mayhew and coworkers (41, 42) have made measurements on a bat species and a similar-sized nonflying mammal species by using uniform methodology, and in all cases the ratio of villous area relative to nominal surface area in the bat species exceeded that in the nonflying mammal by Ն59%. We have found this same pattern in our comparisons of small birds with relatively high paracellular absorption and nonflying mammals with relatively lower paracellular absorption (24) . (ii) Larger effective pore radius in the junction, caused by differences in claudins and other proteins that create the sieving effect, will increase paracellular permeation over certain size ranges of molecules (21, 30) . (iii) Greater water flux across the tight junction will increase solute permeation by increased solvent drag (17) .
From an evolutionary perspective, one can argue that there are both benefits and costs to high intestinal permeability to hydrosoluble biochemicals, which would explain why it is present in some, but not all, vertebrates. We have suggested that a selective advantage in the case of active fliers is that it can compensate for smaller intestines, and Pappenheimer (43) suggested that passive absorption may confer a selective advantage because it requires little energy and provides a mechanism whereby rate of absorption is matched to rate of substrate hydrolysis in the intestine. The significant negative correlation of paracellular absorption with body mass revealed by our analysis, opposite to Pappenheimer's prediction (43) , supports the notion of adaptive value for nutrient absorption in active fliers with reduced guts. Although carbohydrate probes have primarily been used to measure paracellular absorption, other hydrosoluble molecules, including peptides (23) and dyes (19) , also show high fractional absorption in small omnivorous birds. Taken in the context of the present analysis, it is reasonable to predict that paracellular absorption of peptides and amino acids might be similarly important in small volant vertebrates consuming diets primarily composed of protein and fat. A possible cost is that a high intestinal permeability that permits passive absorption is less selective than a carrier-mediated system for nutrient absorption and might permit water soluble toxins made by humans (e.g., carbamate insecticides, glyphosate herbicide) and naturally occurring in foods (e.g., caffeine, nicotine, some flavonoids) to be absorbed to a greater extent in the intestine (44) . Opposing costs and benefits can lead to variation among species in intestinal permeability to hydrosoluble biochemicals. For vertebrates with high intestinal permeability, vulnerability to hydrophilic toxins could be an important ecological driving force, constraining food exploratory behavior, limiting the breadth of the dietary niche, and selecting for compensatory behaviors such as searching for and ingesting specific substances that inhibit hydrophilic toxin absorption (45) .
Most of the physiological and ecological issues suggested by our findings remain to be studied in vertebrate, and possibly invertebrate, fliers. Also, we could not consider diet as a factor in our analysis of paracellular absorption, so we do not know whether the difference between fliers and nonfliers occurs for all types of feeders (as it does for intestinal surface area) or mainly those that eat carbohydrate-rich foods. An enlarged comparative dataset (e.g., including insectivorous/carnivorous birds varying in body size and insectivorous bats) will permit the most robust, phylogenetically informed test of the hypothesis that increased intestinal paracellular absorption has evolved as a compensation for smaller intestinal size in flying vertebrates.
Materials and Methods
As a measure of passive, paracellular absorption, we used standard methods from pharmacokinetics to measure the wholeorganism fractional absorption of water-soluble compounds that are similar in molecular size to water-soluble nutrients such as amino acids and glucose (which range in MM from 75 to 204) but are metabolically inert and lack affinity for intestinal-mediated uptake mechanisms. We applied the standard methods to five each of avian and nonflying mammalian species chosen to cover a wide range in body size (focal species) and two bat species (Table 1) . For all individuals in our focal species, L-rhamnose (MM ϭ 164) was injected, and also administered orally (typically 30-40 mM, volume Ϸ1% of body mass) to intact animals in separate experiments, and blood and/or urine samples were serially collected and analyzed for probe molecules. Probes were analyzed by HPLC (37) . Fractional absorption ( f ) was calculated as [AUC postgavage]/[AUC postinjection] (AUC ϭ dosecorrected area under the curve of plasma or urine probe concentration vs. time). This simple pharmacokinetic method does not require assumptions about pool sizes (e.g., one or two pools) or kinetics (e.g., first order) (46) . In mammals, the probes can be recovered in urine, and estimates of oral absorption take account of possible differential recovery of probes when injected. In our studies with laboratory mice, rats, and marmosets, recoveries of carbohydrate probes were uniformly high, which is in agreement with measures by others in rats and humans (47) . Fractional absorption of L-rhamnose in laboratory rats measured by serially sampling blood (0.24 Ϯ 0.03) did not differ significantly from that measured by urine recovery (0.22 Ϯ 0.03, n ϭ 4, by repeated measures F 1,3 ϭ 1.14; P Ͼ 0.3). Here, and elsewhere, statistical analyses of fractional absorption were made on arcsin-square-root transformed values (48) . In some cases test solutions included 50 mM 3-O-methyl D-glucose. Lrhamnose is commonly used in humans in tests of passive (noncarrier-mediated) intestinal permeability (49) , and 3-Omethyl D-glucose is an actively transported, nonmetabolizable D-glucose analogue. 
